External pH has been implicated as a signal in a growing number of genetic responses in enteric bacteria. In a number of cases, acid-induced gene expression functions to decrease the acidity of bacterial products in an acidic environment, thus enhancing growth at low pH. For example, expression of genes encoding lysine decarboxylase (cadA) and arginine decarboxylase (adi) in Escherichia coli is dramatically increased at low external pH (2) . These decarboxylases remove acid groups, resulting in less external acidification from metabolic processes. Similar effects may exist for deaminases at high external pH (11) . Lactate dehydrogenase (encoded by ldh) activity is increased during fermentation, resulting in enhanced production of neutral end products (18) . Induction of decarboxylases (2) , lactate dehydrogenase (11) , aniG and the hyd locus in Salmonella typhimurium (1) is enhanced during anaerobic growth, a condition that produces organic acids. In Vibrio cholerae, activity of the transcriptional regulator ToxR is, in part, regulated by changes in external pH (19) .
The mechanism(s) employed by bacteria to sense and respond to external pH have not been elucidated. However, since the internal pH of E. coli remains relatively constant over a wide range of external pH (for reviews, see references 6 and 26) a transmembrane communication system coupled to factors involved in gene expression must exist.
Mud-lacZ fusions were used to isolate loci that respond transcriptionally to an external pH change, including the acid-inducible exa-J locus (30) , the pH-dependent ina locus responsive to membrane-permeable weak acids (30) , and the alkaline-inducible alx locus (4) . Expression of P-galactosi-dase in the exa-J Mud fusion strain was maximal at an external pH around 5.8 and repressed above pH 6.8 (30) . We report here the physical and genetic characterization of the region upstream of the Mud fusion in the exa-J strain, JLS8602. The exa-J allele was found to be a Mud insertion within the cadA gene, which encodes lysine decarboxylase. Similar fusions to cadA have been described and shown to be induced by low external pH (2) . The promoter responsible for pH-regulated expression and two previously unidentified open reading frames, one of which encodes a product required for expression of lacZ in the exa-J strain, were identified. A working model is presented to explain how a change in external pH affects expression from the cadA promoter.
MATERIALS AND METHODS
Strains, growth conditions, and media. E. coli, phages, and plasmids used are shown in Table 1 . LB (Luria-Bertani), per liter, was 10 g of Bacto Tryptone, 10 g of sodium chloride, and 5 g of yeast extract. LB-7.6 medium was LB buffered at pH 7.6 with a final concentration of 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS), and LB-5.8 was LB buffered at pH 5.8 with a final concentration of 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) (30) . X and P1 lysates were grown in LB plus 5 mM CaCl2. The following antibiotics and concentrations were used: ampicillin sodium salt, 50 ,ug/ml; kanamycin sulfate, 50 ,g/ml; chloramphenicol, 34 ,ug/ml; and tetracycline, 10 jig/ml. Antibiotics were present in all media in which cultures containing plasmids were grown. Cells harboring plasmids containing fragments from the pH region were grown and maintained on LB-7.6 with the appropriate antibiotic.
DNA biochemistry. Plasmid DNA was isolated as described previously (5) and in some instances purified by pPH20  pPH32  pPH33  pBS2133  pBS2138  pPH2241  pPH2242  pER2269  pER2270  pER2271  pPH1647  pPH1832  pPH1856  pPH2089  pPH2134  pPH2143  pPH2146  pPH2189  pPH2190  pPH2191  pPH2200  pPH2249 Cloning vector XEMBL containing Sau3A junction fragment from JLS8602 Phage from Kohara Tables 2, 3 , and 4 and Fig. 3 and 6 , the following procedures were used. Cells from an overnight LB-7.6 plate were resuspended in 1 ml of LB-7.6 to an optical density at 550 nm between 1.5 and 2.0. One hundred microliters of resuspended cells was used to inocula'te 10 ml of LB-7.6 in a 50-ml Bellco culture flask and then incubated at 37°C in a New Brunswick model G76D
water bath set at 200 rpm. When the culture reached an optical density at 550 nm of around 0.1, 5 ml were removed and centrifuged, and these cells were resuspended in 5 ml of LB-5.8 'and then incubated in parallel with the remaining LB-7.6 'culture for 2 h. Samples (0.1 or 0.01 ml) of the culture were used in the whole-cell ,B-galactosidase assay as described previously (22 along with a sequencing ladder generated by using the same oligonucleotides and plasmid pPH33. The oligonucleotides used are described in Results.
TnlO mutagenesis. JLS8602 was infected with X1098 as described previously (34) . Tetr colonies were screened on LB-7.6 and LB-5.8 plates containing tetracycline (10 ,ug/ml) and 5-bromo-4-chloro-3-indolyl-,3-D-galactopyranoside (XGal) (40 ,ug/ml). Colonies showing altered phenotypes (different intensity of blue than JLS8602 on X-Gal plates) were purified on the same medium in which they exhibited their altered phenotype. Phage Plvir was grown in the mutants and used to transduce JLS8602 to Tetr to verify that the phenotypes were like those of the original mutant. Two of these transductants (E2088 and E2110) from two independent mutants were analyzed further.
Nucleotide sequence accession number. The nucleotide sequence data reported in this study has been assigned GenBank accession number M67452.
RESULTS
Mapping and cloning of the exa-1 fusion junction from JLS8602. Two approaches were taken to genetically and physically localize the exa-J locus (Mud transcription fusion) responsible for acid-inducible lacZ expression in JLS8602. The first approach was based on the observation that induction of lacZ in this strain resembled that of a strain containing a cadA-lacZ fusion (min 93.5) (2), suggesting that the Mud insertion was in the same operon as cadA. The cadA gene encodes lysine decarboxylase and has been shown to be regulated, in part, by external pH. Genetic mapping using Hfr and phage Plvir-mediated crosses demonstrated that the Mud insertion in JLS8602 was linked to cadA (data not shown). The second approach was to isolate a lambda clone that carried a fusion fragment between the chromosome and the Mud insertion and determine whether the clone contained DNA linked to cadA. A library of Sau3A partial digestion fragments from JLS8602 was constructed in XEMBL3, and a phage carrying lacZ was isolated by its ability to form blue plaques on a lawn of Lac-cells (JLS821) with X-Gal in the top agar. Restriction analysis of DNA from this phage, called XA1-4, showed that it carried a 15-kbp insert with 6 kbp from the chromosome flanking the end of the Mud insertion ( Fig. 1) .
A 3.7-kbp Sall fragment from AA1-4 that mapped within the chromosomal insert and upstream of lacZ was isolated, nick translated, and hybridized to DNA from lambda clones that contained DNA derived from the min 93 region of the chromosome (14) . This fragment hybridized to DNA from X5G7 and X21H11 (data not shown). Restriction mapping and Southern hybridization experiments demonstrated that this Sall fragment hybridized to a 3.7-kbp SalI fragment found in both XSG7 and X21H11 and in chromosomal DNA from E. coli W3110 and JLS821 (the parent of JLS8602) (data not shown). Figure 1 shows the relationship between X5G7, X21H11, and AA1-4 as well as the location of the 3.7-kbp Sall fragment and an adjoining EcoRI site common to all three clones. The cadA gene contains a 900-bp EcoRI fragment that is internal to the coding sequence (3) . Lambda clones XSG7 and X21H11 contain this fragment, while XA1-4 does not (Fig. 1 transductants resulting from crosses between E2088 or E2110 and JLS821 were Kanr). Southern hybridization of chromosomal DNA showed that the TnJO insertion in E2088 was localized to the SspI692-ClaI1031 fragment and that of E2110 was found to be in the ClaI1031-EcoRV2018 fragment (data not shown). The mutations were given the allele numbers cadCl::TnJO and cadC2::TnJO corresponding to the mutations in E2088 and E2110, respectively. The levels of P-galactosidase in these mutants (E2088 and E2110) when grown in liquid culture are shown in Table 3 . Since these insertions were well upstream of Pcad, it suggested that an element upstream of Pcad was required for induction. This result was consistent with those from the promoter probe cloning experiments in which only plasmids carrying Pcad plus a large upstream region gave maximal pH inductions (Fig. 3) . A model explaining these results is presented in the discussion.
The cadC gene product, CadC, acts in trans to activate Pcad. Fig. 2 . Restriction site abbreviations: C, Csp451; E, EcoRI; I, NsiI; N, NcoI; P, PvuIl; S, Sall; V, EcoRV. f-GalactosIdase pPH1647 F.. 5 . Primer extension analysis. The two leftmost lanes contain RNA isolated from JLS8602 grown at pH 5.8 and 7.6 that was extended with an antisense primer corresponding to nucleotides 2758 to 2778. The right lanes contain a DNA sequencing ladder generated by using the same oligonucleotide and plasmid pPH33.
The asterisk to the right of the gel indicates the endpoint of the extended product. The arrow indicates the location of the extended product.
strains is the presence of a wild-type copy of cadC in E2229. One explanation is that the truncated version of CadC from pPH2249 may be partially active when present with wildtype CadC. This and other hypotheses remain to be tested. Sequences upstream of Pcad interact with a factor necessary for its activation. Plasmid pPH33 is a pBS derivative containing a 1.1-kbp PvuII fragment flanking Pcad. This fragment is in an orientation such that Pcad and Plac from the vector direct transcription in opposite directions. Introduction of pPH33 into JLS8602 completely abolished expression from the chromosomal cadA-lacZ fusion at pH 5.8, suggesting that the plasmid is titrating out a factor necessary for Pcad activity (Fig. 6) . Additional plasmids containing portions of this 1.1-kbp region were constructed and tested for their ability to compete. Figure 6 shows that an RsaI fragment containing the entire intergenic region between cadC and cadB also inhibited expression, but not to the same degree as pPH33. Splitting either the PvuII or RsaI fragment at the EcoRV site 121 bp upstream from the transcription start site, however, diminished the effect, suggesting that a site overlapping the EcoRV site titrates out a positive activator of Pcad. None of these plasmids affected expression from the chromosomal cadA-lacZ fusion at pH 7.6 (data not shown). Although the limiting factor being titrated in these experiments has not yet been identified, one candidate would be CadC.
Computer-assisted analysis of CadC. The amino acid sequence of CadC was compared with sequences in the NBRF protein data base. A region of about 100 amino acids at the amino terminus of CadC was found to be similar to the carboxy termini of several bacterial proteins known to be transcriptional activators (31) . Included in this class, among others, is PhoP from Bacillus subtilis (27) , PhoB (15) , OmpR (8) (20) . This region of OmpR has been shown to be both sufficient and necessary for the specific interaction between OmpR and the ompC and ompF promoters (24, 32 Fig. 7 .
DISCUSSION
The Mud insertion defining the exa-J locus in strain JLS8602 was found to be in the gene encoding lysine decarboxylase (cadA). This gene has previously been shown to be regulated at the transcriptional level by external acid pH as well as by the presence of lysine and oxygen (2) . Recently, the complete DNA sequence of cadA has been determined (3) (Fig. 7) (23) .
The similarity between CadC and other transcriptional activators, the requirement of CadC for Pcad function, the prediction of a transmembrane segment, and the analogy with ToxR supports the following outline of a working model as to how transcription from Pcad is pH regulated. The basic premise of the model is that like ToxR, the amino domain of CadC is a DNA binding domain and resides in the cytoplasm with one or more domains localized in the outer face of the cytoplasmic membrane or periplasmic space. This outer domain senses, either directly or indirectly, fluctuations in periplasmic pH resulting in an unspecified alteration of CadC. Such a change would result in a signal being transmitted to the cytoplasmic DNA binding domain, which in turn would interact with either Pcad directly or another DNA target controlling the expression of a required factor. It should be emphasized that the basic features, of this model, namely, the cellular location of CadC and the ability to bind DNA, have not yet been experimentally tested. Implicit in this model is the notion that the activity, as opposed to the expression, of CadC is altered at different pHs. Since the promoter for cadC has not been rigorously identified, this hypothesis also awaits direct testing. However, two lines of evidence shed light on this issue. First, the fact that pPH2200 expressed cadC independently of IPTG addition suggests that there is a promoter between the Ssp1692 site and the start of cadC. Second, a fragment containing this region was inserted upstream of lacZ and found to contain promoter activity that was not induced at low pH (pPH1856 [Fig. 3] ). In fact, activity was slightly higher with this plasmid at pH 7.6 than at pH 5.8. Together, this suggests that transcription of cadC is not induced by low external pH.
The hypothesis that CadC is limiting in the cell, even at pH 5.8, was invoked to explain differences in the induced levels of Pcad-lacZ plasmids shown in Fig. 3 . Another piece of evidence supporting this notion comes from the data presented in Table 4 , in which expression of cadC from pPH2200 was shown to increase expression from the chromosomal cadA-lacZ fusion. The observation that the Pcad promoter region, when on a multicopy plasmid (but not fused to lacZ), titrates out a factor necessary for expression of the cadA-lacZ chromosomal fusion (Fig. 6 ) also suggests that a positive element is limiting, although we do not yet know whether CadC is the limiting factor.
The competition experiment suggests that the EcoRV2579 site is part of the site involved in recognizing a limiting factor. G. Bennett's laboratory has carried out similar experiments and obtained the same result (3) . The finding that the 1.1-kbp PvuII fragment competes more effectively than the 0.4-kbp RsaI fragment suggests that either the context that the site is in has an effect on the ability to recognize the putative factor or that sequences beyond the RsaI sites are directly involved in the interaction. We do not have additional data to support either one of these hypotheses.
The cadB gene and its putative gene product, CadB, have been examined by G. Bennett and colleagues. They proposed that the protein is involved in the exchange of lysine and cadaverine between the cytoplasm and external environment (3).
Induction of decarboxylase genes, including cadA, by low external pH is further enhanced under anaerobic conditions. For cadA, this could be due to either a promoter other than Pcad being utilized during anaerobiosis or a higher level of induction of Pcad. Although the data here does not distinguish between these two possibilities, it is clear from Table  3 that cadC is required for expression under oxygen-limiting conditions. In addition, we observed using indicator broth under anaerobic conditions that the cadCl: :TnJO and cadC2::TnJO alleles in JLS821 resulted in a lysine decarboxylase-deficient phenotype. Physical localization of the 5' ends of mRNA produced under anaerobic conditions is required to determine whether Pcad is utilized under these conditions.
Our data suggests that cadA is cotranscribed with cadB and that cadC is transcribed separately. We suggest that the cadB, cadA, and Pcad elements define, at least in part, an operon to be referred to as the cad operon. The size of the operon is unknown, since the region downstream of cadA has not been thoroughly analyzed. A heat shock gene coding for a lysine synthetase, lysU, maps downstream from cadA (7, 33) but whether it is also transcribed by Pcad is not known. The isolation of cadCl :TnJO and cadC2: :TnJO mutations should allow one to determine whether lysU expression is affected by Pcad activity.
